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(54) High dielectric constant gate oxides for silicon-based devices 



(57) A high dielectric rare earth oxide of the form 
Mn 2 0 3 (such as, for example, Gd 2 0 3 or Y 2 0 3 ) is grown 
on a clean silicon (100) substrate surface under an ox- 
ygen partial pressure less than or equal to 1 0 -7 torr to 
form an acceptable gate oxide (in terms of dielectric con- 
stant (e = 18) and thickness) that eliminates the tun- 



neling current present in ultra-thin conventional SiO z di- 
electrics and avoids the formation of a native oxide layer 
at the interface between the silicon substrate and the 
dielectric. Epitaxial films can be grown on vicinal silicon 
substrates and amorphous films on regular silicon sub- 
strates to form the high dielectric gate oxide. 
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Description 
Technical Field 

[0001] The present invention relates to an improved s 
gate oxide material, and method of forming the same, 
for silicon-based devices and, more particularly, to the 
use of rare earth oxides, such as Gd 2 0 3 or Y 2 0 3 (ex- 
hibiting a dielectric constant e on the order of 1 8) to form 
a gate oxide having the desired insulative properties 
while maintaining a thickness greater than the tunneling 
depth of approximately 1 0A. 

Background Of The Invention 

[0002] As integrated circuit technology advances, the 
gate lengths of MOSFETs become increasingly smaller. 
In addition, the thicknesses of the gate dielectrics, typ- 
ically gate oxides, become thinner and thinner. Very thin 
gate oxides (i.e., less than 50A) are often necessary for 
sub-micron MOS devices. 

[0003] As device dimensions scale down rapidly with 
the advance of technology, the electric field in the thin 
gate oxides continues to increase. Part of the conse- 
quences of such increased electric field is the increased 
trap generation at the oxide interface or within the thin 
oxides. The trap generation and the capture of channel 
electrons by the traps in turn leads to increased low fre- 
quency (1/f) noise andtransconductance (g m ) degrada- 
tion. For ultra-thin gate oxides of less than 50A, the tun- 
neling current also becomes significant and gives rise 
to accelerated degradation of the device characteristics. 
Indeed, the "thinness" of the conventional Si0 2 gate ox- 
ide is now approaching the quantum tunneling limit of 
10A. 

[0004] Instead of continuously attempting to reduce 
the Si0 2 thickness of the gate oxide, several groups 
have attempted to find a replacement insulator with a 
dielectric constant (e) substantially greater than that of 
Si0 2 (e = 3.9), so that the dielectric thickness can then 
be proportionally increased (thereby reducing the 
chance of a tunneling current through the oxide). It is 
desirable that the dielectric being thermodynamically 
stable with respect to the silicon surface so as to prevent 
reactions leading to the formation of Si0 2 or metal sili- 
cides at the substrate/dielectric interface during high 
temperature annealing operations. To date, several 
"high dielectric" oxides have been considered (such as 
Al 2 0 3 , Ta 2 0 3 , 7i0 2 ), but in each case an interracial Si0 2 
layer at least 1 oA thick forms during growth of the gate 
oxide. An alternative approach uses a relatively thin 
SiN x barrier layer that is first deposited on the silicon 
surface to prevent the native oxide growth. However, the 
use of the barrier layer then requires for the total "effec- 
tive" oxide thickness to exceed 15A, another unaccept- 
able result. 

[0005] Thus, a need remains in the art for a dielectric 
material to be used as a "thin" gate dielectric on silicon- 



based devices that prevents the formation of the native 
Si0 2 layer., yet also exhibits an effective thickness clos- 
er to 10A. 

Summary Of The Invention 

[0006] The need remaining in the prior art is ad- 
dressed by the present invention, which relates to an 
improved gate oxide material, and method of forming 
the same, for silicon-based devices and, more particu- 
larly, to the use of rare earth oxides, such as Gd 2 0 3 or 
Y 2 0 3 (exhibiting a dielectric constant s significantly 
greater than that of Si0 2 (approximately 4), for example, 
on the order of 18) to form a gate oxide having the de- 
sired insulative properties while maintaining a thickness 
greater than the tunneling depth of approximately 1 0A. 
[0007] Films of Gd 2 0 3 or Y 2 0 3 are grown, in accord- 
ance with the present invention, on a "clean" silicon sub- 
strate surface, using an ultrahigh vacuum (UHV) vapor 
deposition process. It has been found that by limiting the 
oxygen partial pressure to less than 10' 7 during growth, 
oxidation of the silicon substrate surface is completely 
avoided. Both epitaxial and amorphous films have been 
found to form an oxide with the desired high dielectric 
constant characteristic. 

[0008] In accordance with the present invention, a vic- 
inal Si(100) substrate is preferably used, so as to pro- 
mote the formation of single domain, (110)-oriented 
Gd 2 0 3 or Y 2 0 3 films. In a preferred embodiment a 4° 
miscut substrate may be used. 
[0009] A post-process gas anneal process may also 
be used to improve the leakage current density from a 
value of, for example, 10~ 1 A/cm 2 to 10" 5 A/cm 2 at 1V 
for a Gd 2 0 3 layer at an equivalent Si0 2 thickness of 
19A. 

[0010] Other and further aspects of the present inven- 
tion will become apparent during the following discus- 
sion and by reference to the accompanying drawings. 

Brief Description Of The Drawings 

[0011] Referring now to the drawings, 

FIG. 1 illustrates an exemplary vicinal silicon sub- 
strate that is preferable for supporting growth of a 
high dielectric gate oxide of the present invention; 
FIG. 2 contains a graph of an X-ray diffraction scan 
across a set of three different (110) Gd 2 0 3 single 
domain films; 

FIG. 3 shows the {222} reflections resulting from 
both degenerate orientations of Gd 2 0 3 films, illus- 
trating the relationship between film thickness and 
domination of a preferred orientation; 
FIG. 4 contains a graph of leakage current density 
(J L ) versus voltage (V) for crystalline Gd 2 0 3 films; 
FIG. 5 is a graph of leakage current density versus 
voltage for amorphous Y 2 0 3 films; 
FIG. 6 illustrates specific capacitance as a function 
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of voltage for single crystal Gd 2 0 3 grown on a vici- 
nal silicon substrate; and 

FIG. 7 illustrates specific capacitance as a function 
of voltage for amorphous Y 2 0 3 grown on a conven- 
tional silicon substrate. 

Detailed Description 

[0012] Rare earth oxides are suitable candidates for 
various semiconductor applications, based on thermo- 
dynamic energy considerations. In accordance with the 
present invention, it has been found possible to form the 
dielectrics Gd 2 0 3 (e~1 2) or Y 2 0 3 (e -1 8) as gate oxides 
on a silicon (100) surface. Both materials exhibit the re- 
quired "high" dielectric when compared to that of Si0 2 
(e=3.9), although Y 2 0 3 is considered to be preferred due 
to its higher dielectric constant and the absence of mag- 
netic ions in the oxide. 

[001 3] An important aspect of the present invention is 
the use of vicinal Si(100) substrates to eliminate the for- 
mation of unwanted domains in the grown oxides, thus 
providing a single domain, (110)-oriented gate oxide. 
FIG. 1 illustrates an exemplary vicinal Si(100) substrate 
10, which has been "miscut" at a predetermined tilt an- 
gle, where a tilt angle in the range of 4-6° has been found 
to be preferable. The miscut surface 12 exposes surface 
steps 14 of double atomic layers, thus giving mono-do- 
main silicon terraces of a spacing approximately 80A 
(for a 4° miscut) for nucleating the growth of a single 
variant of either Gd 2 0 3 or Y 2 0 3 . 
[0014] In forming the high dielectric gate oxide struc- 
ture of the present invention, a multi-chamber ultra-high 
vacuum system may be used. Prior to growing the die- 
lectric, the silicon wafer is cleaned and then hydrogen 
passivated (using a buffered HF acid, for example) to 
form a surface free of impurities. The substrate is then 
heated to a temperature in the range of, for example, 
450 - 500 °C, allowing the generation of a silicon surface 
free of impurities or oxides. Powder-packed ceramic 
sources of Gd 2 0 3 . or Y 2 0 3 are then used as electron 
beam sources in the UHV system to provide deposition 
of the desired epitaxial dielectric film. In accordance with 
one aspect of the present invention, the oxygen partial 
pressure within the UHV chamber needs to be main- 
tained at less than 10" 7 torr during growth, where such 
a pressure has been found to essentially eliminate the 
formation of a native SiO z layer at the interface between 
the substrate and dielectric. As mentioned above, the 
capability of controlling the structure and chemistry of 
the interface at the atomic layer scale is critical. 
[0015] The presence/lack of such a native oxide film 
has been studied by carrying out an infrared absorption 
analysis of Gd 2 0 3 oxide films and the associated inter- 
face with the underlying silicon substrate. To maintain 
the integrity of the Gd 2 0 3 film during the analysis, a thin 
amorphous silicon film was deposited in-situ on the 
Gd 2 0 3 film prior to atmosphere exposure. The presence 
of this silicon film made it possible to HF-etch both the 



amorphous front and crystalline back silicon surfaces, 
leaving them H-terminated and insuring only an inter- 
face native oxide would contribute to an I R absorption 
spectrum. For comparison, each wafer containing a 

5 Gd 2 0 3 dielectric film was reference to a similarly HF- 
etched silicon substrate - without a Gd 2 0 3 film deposi- 
tion. The absorption results clearly show a Gd 2 0 3 pho- 
non band at 600 cnr 1 , where its intensity scales with film 
thickness. There was a lack of any measurable Si0 2 - 

10 related features at either the TO (1050 cm" 1 ) or LO 
(1 200-1 250 cm- 1 ) frequencies of Si0 2 , for crystalline as 
well as amorphous Gd 2 0 3 samples. 
[0016] Crystals of Gd 2 0 3 and Y 2 0 3 have an isomor- 
phic Mn 2 0 3 structure with a large lattice constant (1 0.81 

15 A and 10.60 A, respectively). Studies have shown that 
an (1 1 0)-oriented Gd 2 0 3 and Y 2 0 3 of two-fold symmetry 
will grow on a conventional (100) silicon surface of four- 
fold symmetry, leading to the unwanted formation of two 
(110) variants of equal probability in the growth plane. 

20 in particular, the growth of these two variants with equal 
probability results in an oxide with a relatively high leak- 
age current, and is clearly not favorable for device con- 
sideration. In accordance with the present invention, the 
two-fold degeneracy is removed by using the vicinal sil- 

25 icon substrate, as illustrated in FIG. 1 . 

[0017] Post-growth processing may also be em- 
ployed in the method of the present invention, where as 
will be discussed in more detail below, a post-forming 
gas anneal has been shown to provide an improvement 

30 in leakage current density from 1 0* 1 A/cm 2 to 1 0 -5 A/cm 2 
at 1 V for a Gd 2 0 3 layer at an equivalent Si0 2 thickness 
of 1 9A. An amorphous Y 2 0 3 film can be formed on a 
conventional silicon surface that exhibits a leakage cur- 
rent as low as 10 6 A/cm 2 at 1 V for an Si0 2 equivalent 

35 thickness of 10A. 

[0018] FIG. 2 illustrates a longitudinal x-ray diffraction 
scan along the surface of three different Gd 2 0 3 films. 
Scan A of FIG. 2 is associated with a Gd 2 0 3 film of thick- 
ness 34A, scan B with a Gd 2 0 3 film of thickness 1 25A, 

40 and scan C with a Gd 2 0 3 film having a thickness of 
196A. Referring to FIG. 2, the fringe patterns on each 
scan can be attributed to coherent interference between 
the air/oxide and oxide/silicon interfaces. While the 
fringe period is inversely proportional to the film thick- 

45 ness, the decay of the fringe amplitude is a measure of 
the film thickness uniformity. Thus, the slow decay as 
shown in each scan leads to the conclusion that each 
of the grown Gd 2 0 3 films is extremely uniform. The var- 
ious oxide thicknesses discussed with respect to FIG. 2 

so (as well as the following figures) are considered to be 
exemplary only. In general, high dielectric oxides formed 
in accordance with the present invention may comprise 
a thickness anywhere within the range of, for example 
1 0 - 500 A and provide the desired gate dielectric prop- 

55 erties for all intended device applications. 

[0019] Gd 2 0 3 gate dielectric films grown on vicinal 
(1 00) silicon substrates in accordance with the present 
invention have been found to exhibit a broad peak near 
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26 = 47.5° for the (440) reflection, with the peak becom- 
ing sharper with increasing film thickness. FIG. 3 illus- 
trates in particular a set of 360° $ scan about the surface 
normal for the in-plane components of the {222} reflec- 
tion for the set of three different Gd 2 0 3 films associated 
with FIG. 2. In each case, the grown dielectric is pre- 
dominantly oriented in one type of domain, with the [001 ] 
axis of the Gd 2 0 3 parallel to the silicon step edges 16 
(see FIG. 1), that is, the [110] axis of miscut substrate 
10. The {222} reflections illustrated in FIG. 3 for each 
dielectric thickness illustrate peaks associated with both 
orientations. The two weak peaks, denoted w 1 and w 2 
in FIG. 3, are separated by n with respect to the two 
strong peaks, denoted s n and s 2 . An analysis of the data 
in FIG, 3 yields the conclusion that nearly 95% of the 
34A thick Gd 2 0 3 dielectric is grown in the preferred 
("strong") orientation, with the percentage increasing to 
approximately 99% for the thicker 196A film. The anal- 
ysis leads to the conclusion that beyond some "critical" 
thickness (approximately 100A), domains with the un- 
desired orientation begin to get buried beneath the still- 
growing oxide. 

[0020] FIG. 4 is a plot of leakage current density, J L , 
as a function of gate voltage, for various Gd 2 0 3 dielec- 
tric layers under various conditions. Both two-domain 
and single domain films are represented, and also in- 
cluded in FIG. 4 is plot of leakage current/gate voltage 
for a single-domain 34A thick Gd 2 0 3 film subsequent to 
a post-forming gas anneal at a temperature of 400°C for 
one hour (labeled as "D" in FIG. 4). Referring to FIG, 4, 
it is apparent that the leakage current density is essen- 
tially symmetric about an unbiased gate (i.e., a 0V ap- 
plied voltage). The leakage current density of two-do- 
main dielectric films is shown to be significantly higher 
than that associated with single domain films, particu- 
larly for dielectrics thinner than 100A. As shown, the 
leakage current density for a two-domain film 44A thick 
can be as high as 10 -3 A/cm 2 at zero bias. The leakage 
current density of the single domain dielectrics is mark- 
edly improved, particularly at smaller film thicknesses. 
For example, J L at 1V for a 34A thick film is reduced 
from a value of approximately £ 10 _1 A/cm 2 for a two- 
domain film to a value of about 1 0* 3 A/com 2 for a single 
domain dielectric. As mentioned above, subjecting the 
grown dielectric to a post-forming gas anneal (a combi- 
nation of N 2 and H2) will further improve (that is, de- 
crease) the leakage current density. As shown in FIG. 
4, the forming gas anneal on the single domain 34A film 
results in further improving the leakage current density 
to a value of about 1 0' 5 A/cm 2 . 
[0021] A study of amorphous dielectric films suggests 
that these films may be more appropriate for device ap- 
plications than crystalline films, due to the absence of 
domain boundaries and the lack of surface or interfacial 
stress in the latter. Additionally, while the leakage cur- 
rents of amorphous Gd 2 0 3 films are comparable to the 
amorphous Y 2 0 3 films, Y 2 0 3 shows a more consistent 
dielectric behavior than Gd 2 0 3 , in that the dielectric con- 



stant of Y 2 0 3 remains essentially constant at about 18, 
insensitive to thickness reductions. FIG. 5 shows the de- 
pendence of J L on V for a series of amorphous Y 2 0 3 
films. As shown, an as-deposited amorphous Y 2 0 3 film 

5 45A thick yields a relatively low leakage current density 
of 10 -6 A/cm 2 at 1V for an equivalent Si0 2 thickness 
Deq") of only 10A. The leakage current density improves 
by another order of magnitude after a forming gas an- 
neal (at a temperature of, for example, 400°C for about 

10 one hour). The resulting value is about five orders of 
magnitude better than the best data associated with 
conventional 15A thick Si0 2 dielectrics. Beyond this 
leakage current density, performing a rapid thermal an- 
neal (RTA) at 1000°C for about one minute shows that 

*s the Y 2 0 3 film remains essentially stable. 

[0022] The specific capacitance (C/A) versus voltage 
data for an MOS diode including a Gd 2 0 3 single domain , 
1 96A thick gate dielectric (after a forming gas anneal) 
is shown in FIG. 6 as a function of frequency ranging 

20 from 100Hz to 1 MHz. The dielectric constant (s) for 
such a film was measured to exhibit a value of approx- 
imately 20. As shown, a transition in MOS diode behav- 
ior from accumulation to depletion mode occurs at ap- 
proximately 2V. the inversions of the carriers (holes) is 

25 evident, and follows the AC signal up to a frequency of 
1 0kHz. FIG. 7 illustrates the C/A versus V data for a 45A 
thick amorphous Y 2 0 3 film (after g a post-growth form- 
ing gas anneal). The capacitor has a C/A value as high 
as 35-40 f F/|im 2 , comparable to a 1 0A thick Si0 2 equiv- 

30 alent (or better). It is to be noted that the dielectric con- 
stant associated with this material remains at a value of 
1 8 even at this thin layer. 

[0023] The invention has been described with refer- 
ence to particular preferred embodiments, but variations 

35 will occur to those skilled in the art. For example, while 
Gd 2 0 3 and Y 2 O a have been discussed in detail, various 
other rare earth oxides of the form Mn 2 0 3 , in both single 
crystal and amorphous form, may also be used to create 
high dielectric gate oxides in accordance with the prin- 

40 ciples of the present invention . 



Claims 

45 1 . A semiconductor device comprising 

a vicinal silicon (100) substrate exhibiting a pre- 
determined angular miscut so as to form a top 
major surface exhibiting a staircase pattern 
so along the [110] direction; and 

a rare earth oxide of the form Mn 2 0 3 , exhibiting 
a dielectric constant e£4, deposited, under an 
oxygen partial pressure less than 10 -7 torr, to a 
55 predetermined thickness t on the staircase ma- 

jor surface of said vicinal silicon substrate with- 
out forming an Si0 2 film therebetween. 
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2. A semiconductor device as defined in claim 1 
wherein the rare earth oxide comprises Go^O^ 

3. A semiconductor device as defined in claim 2 
wherein the Gd 2 0 3 comprises epitaxial Gd 2 0 3 . 

4. A semiconductor device as defined in claim 2 
wherein the rare earth oxide comprises a two-do- 
main (100) Gd 2 0 3 structure. 

5. A semiconductor device as defined in claim 2 
wherein the rare earth oxide comprises a single do- 
main (100) Gd 2 0 3 structure. 

6. A semiconductor device as defined in claim 1 
wherein the rare earth oxide comprises Y 2 0 3 . 

7. A semiconductor device as defined in claim 6 
wherein the Y 2 0 3 comprises epitaxial Y 2 0 3 . 

8. A semiconductor device as defined in claim 6 
wherein the rare earth oxide comprises a two-do- 
main (100) Y 2 0 3 structure. 

9. A semiconductor device as defined in claim 6 
wherein the rare earth oxide comprises a single do- 
main (100) Y 2 O a structure. 

10. A semiconductor device as defined in claim 1 
wherein the rare earth oxide is formed to comprise 
a thickness in the range of 1 0A to 500A. 

11. A semiconductor device as defined in claim 1 
wherein the vicinal silicon substrate comprises a 
predetermined angular miscut in the range of 4-6°. 

12. A semiconductor device as defined in claim 11 
wherein the predetermined angular miscut is ap- 
proximately 4°, forming a terrace spacing on the sil- 
icon substrate major surface of approximately 80A. 

13. A semiconductor device comprising 

a silicon substrate defined as comprising a top 
major surface; and 

an amorphous rare earth oxide of the form 
Mn 2 0 3 and exhibiting a dielectric constant e>4 
deposited, under an oxygen partial pressure 
less than 1 0 -7 torr, to a predetermined thick- 
ness t on the top major surface of the silicon 
substrate without forming an Si0 2 film therebe- 
tween. 

14. A semiconductor device as defined in claim 13 
wherein the amorphous rare earth oxide comprises 
Gd 2 0 3 . 



15. A semiconductor device as defined in claim 13 
wherein the amorphous rare earth oxide comprises 
Y 2 0 3 . 

5 16. A method of forming a semiconductor device in- 
clude a high dielectric oxide layer, the method com- 
prising the steps of: 

a) providing a vicinal silicon (1 00) substrate il- 
10 lustrating a predetermined angular miscut on a 

major surface thereof so as to form a staircase 
pattern on said major surface; 

b) cleaning said silicon major surface to remove 
15 impurities and oxides; 

c) inserting said substrate in an ultra-high vac- 
uum system including an oxygen ambient at- 
mosphere; 

20 

d) providing a ceramic rare earth oxide source; 

e) reducing the oxygen partial pressure in said 
ultra-high vacuum system to a level less than 

25 or equal to 10 -7 torr; 

f) electron-beam evaporating a predetermined 
thickness of said ceramic rare earth oxide onto 
said staircase-patterned major surface of said 

30 vicinal silicon substrate. 

17. The method as defined in claim 16 wherein in per- 
forming step a), the vicinal silicon (1 00) substrate is 
miscut to a predetermined angle in the range of 

35 4-6°. 

18. The method as defined in claim 17 wherein in per- 
forming step a) the vicinal silicon (100) substrate is 
miscut to a predetermined angle of approximately 

40 4°, forming a staircase pattern having a step height 
of approximately 80A. 

19. The method as defined in claim 16 wherein in per- 
forming step b), the silicon substrate is cleaned by 

45 hydrogen passivation with a buffered-HF solution, 

20. The method as defined in claim 16 wherein in per- 
forming step d), ceramic Gc^C^ is provided. 

so 21. The method as defined in claim 16 wherein in per- 
forming step d), ceramic Y 2 0 3 is provided. 

22. The method as defined in claim 16 wherein in per- 
forming step f), a rare earth oxide layer having a 

55 thickness in the range of 1 0A - 500A is formed. 

23. The method as defined in claim 16 wherein the 
method further comprises the step of: 
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g) gas annealing the rare earth oxide dielec- 
tric layer at a predetermined temperature and for a 
predetermined time sufficient to decrease the leak- 
age current density to a predefined value. 

5 

24. The method as defined in claim 23 wherein in per- 
forming step g), the device is heated to a tempera- 
ture of approximately 400°C for approximately one 
hour. 

w 

25. The method as defined in claim 23 wherein in per- 
forming step g), the gas anneal is a predefined mix- 
ture of H 2 and N 2 . 

26. The method as defined in claim 23 wherein in per- 1$ 
forming step g), a rapid thermal anneal at a temper- 
ature of approximately 1000°C for approximately 
one minute is performed. 

27. A method of forming a semiconductor device in- 20 
elude a high dielectric oxide layer, the method com- 
prising the steps of: 

a) providing a silicon (1 00) defined as including 

a top major su rf ace; 25 

b) cleaning said silicon top major surface to re- 
move impurities and oxides; 

c) inserting said substrate in an ultra-high vac- 30 
uum system including an oxygen ambient at- 
mosphere; 

d) providing a ceramic rare earth oxide source; 

35 

e) reducing the oxygen partial pressure in said 
ultra-high vacuum system to a level less than 
or equal to 10" 7 torr; 

f) electron-beam evaporating a predetermined 40 
thickness of said ceramic rare earth oxide to 
form an amorphous rare earth oxide layer on 
said silicon top major surface. 

28. The method as defined in claim 27 wherein in per- 45 
forming step d), ceramic Gd 2 0 3 is provided. 

29. The method as defined in claim 27 wherein in per- 
forming step d), ceramic Y 2 0 3 is provided. 

50 
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